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WttHOBKL Aimsom ccmrms FOB ACTQRAOTICS 

ADVAHCE PE3TKICTED R2P0HT 

NITRIDED-STEEI. PISTON HHIGS FOE EKGIHES OF HIGH SPECIFIC POWER 

By John E. Collins, Jr., Edmond E. Bissen, 
ana Ealpb F. Eciuniedlin 
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Sevoi-al designs of nitrided-steel piston rings were performance- 
tested under variable conditions of output. The necessity of good 
surface finish and conformity of the ring to the tore «as Indicated 
In the first tests. Iiitrided-Eteel rings of the sine dimensions as 
eaet-iron rlr-jS operating on the original piston vere not satisfac- 
tory. The final design vas a lighter, rectang'iLar, thin face-width 
ring used on a piston having a maximum cross-head area and the proper 
start shape. Hesults were obtained fron tests of single-cjlinder 
and multicyllnder engines. 

The thin, r.itrided-stoel rings were performance-tested In 
toth nitridfsd and porous cJiromlum-plated cylinder barrels with 
good results. The nltrided-steel oylInders were stock production 
items and the porous chromium-plated cylinders wore worn cylinders 
that had beon reclalried ty plating back to siae. The use of 
nltrided-steel rings In chromium-plated cylinders offers attrac- 
tive possibilities that require further investigation. 

Rood performance characteristics of ring and cylinder barrel 
wore ottainod. Tests under d'.ist conditions indicated that t3ie 
nitrified-Btool rir.f:s maintained acceptable oil control from three 
to four times longer than the stock cast-iron rings. Lubricating- 
oll consumption was s.-mowhat higher with nltrided-steel rings 
than that usually encountered with the original cast-iron ring aa- 
soml.ly when the cast-iron rings are in tho boot condition of run-in. 
The l-ibricating-oil consumption with nltrided-steel rin^s tended to 
Improve Vltlt operating tijae, whereas the opposite trend was exhib- 
ited Vy cast-iron rings. 

Dust tests, In particular, should be made on tho combination 
of thin nitrlded-steel rings and chromium-plated cylinders. Ex- 
tensive flight tests of the rectangular nitrided-steol piston 
rings are recommended. 
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For many years the IIACA has teen conducting teats of aircraft- 
engine cylinders at specific power outputs in excess of thoir maxi- 
mum rating». The first engine parts to fail as the specific power 
is increased are the piston rin#a; the failure manifests itself by 
general increases in specific oil consumption, in rapid ring ve-u-, 
in blow-by, and lr. subsequent loss in power. 

Variables that considerably affect piston-ring and cylinder- 
barrel wear are: dust; lubrication, bcth quantity and quality; 
brake mean effective pressuroj engine speed; and operating tem- 
peratures. Both bench testa and engine tests were made on a 
variety of piston-ring materials and ring designs. Some of the 
materials and ring designs were eliminated by the bench tests. 
The others wore tested in single-cylinder engines. The choice 
of the procedure for the engine-ring test covered by this report 
was chosen with a view to picking teat conditions that would give 
the required reaults in the mln.'mum time. The final combination 
of nltrided-steei rings in both nitrided-stoel and chrcmiua-platod 
cylinder barrels was porfemanco-tostod under a wide variety of 
operating conditions in both single-cylinder and aultioylinder 
engines. 

Tlie thin, nitrided-steel rings '»sod in these tests were 
manufactured by and tested in cooperation with the Borg-Vfamer 
Corporation, Spring Division, Bollwood, 111. 

The nitrided-steel piston rings were performanco-tested In 
single-cylinder engines at Langley Memorial Aeronautical Labora- 
tory from 1939 through 1942. At the recommendation of the 
National Advisory Committee for Aeronautics, smlticylinder and 
aingle-cylinder engines wore tested by the Bureau of Aeronautics, 
Kavy Department, at the Aeronautical Engine Laboratory of the 
Haval Aircraft Factory in Philadelphia «id by the Army Air Forces, 
Materiel Ccnaaand, at Wright Field. 
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Piston-ring terns to be used in this report are defined as 
follows: 

face - The part of the piston ring that la adjacent to, or in 
direct contact with, the cylinder wall. 

face width - Tho width of the ring face. 
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Bide - The part of the ring that contacts the piston grooves. 

ring assembly - The entire group of rings used on any individual 
piston, regardless of ring type, material, or position with 
respect to the piston pin, 

radial depth - The radial dimension from the center of the face 
to the center of the back of the ring. 

diametral tension - The force in pounds, vhich is applied alonp; 
a radius 90° from the gap, required to close t'uo rir.g to its 
nominal diameter. Sing tension as lieed and measured in this 
Investigation is ptiroly an arbitrary measurement of the char- 
acteristics of a piston ring. 

unit vail pressure - The force exerted oy the piston-ring face 
against the Cylinder vail, pounds per so.ut.ra inch. This unit 
pressure is obtained by >-.ae of the following equation'- from 
reference 1: 

0.76T 
DW 

where 

p unit pressure, pounds por square inch 

T diametral tonsion, pounds 

I> ring diameter, inches 

W face width, inches 

The unit wall pressure as define-! in this report Is only an ap- 
proximate average value inasmuch as true unit pressures can be 
dotoimlned only by such an instrument as a rciini-pressure gage. 

**» saalysls made subsequent to the original publication of this 
paper Indicate« that the constant 0.76 applies to measureaents 
made with the ring compressed to the oorract fjap. The amvLyeis 
shoved that a value of 0,88 should be HMd if BJeasuremeatS are 
made with the ring compressed to the proper disasterj t.a WAS done 
In the teats reported. Correction of the data reported is felt 
to 'je ur.wa.Tar.ied, however, since the values obtained were used 
only for qualitative comparison. 
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APPARATUS AND T75ST PROCEDURE 

Tomporature Tests 

- 

The heater shown in. figure 1 was designed and built to check 
the effect of temperature on stress i-oliof. Stress relief may be 
defined as the loss in tension of a rins at elevated temperatures. 
"i") pistor. r'ngs with two thermocouples leading from each ring can 
be simultaneously tested in this heater. Rings were placed in the 
heater, which comp -eased thorn to their nominal diameter. They vere 
heated to the predetermined temperature and held at this temperature 
for 10 minutec, after which they wore removed from the heater and 
cooled in st'.il air. The diometr'U. tension of ehe rings was deter- 
mined before and after each heat period. The tension of the rings 
was determined by applying a forco at 30° to the gap until the ring 
was ccaproBsed to its nominal diameter. This application of force 
was acccmpllslxd by placing a balance under a press, the spindle of 
which was accvxately set, in order that it could bo moved only the 
proper distance. Practically all of the commercially available 
ring materials, such as alloy cast iron, high-speed steel,and sev- 
eral kinds of nltrided steel, wero included in these temperature 
tests. 

I 

/> 

The object of thase short tests was to eliminate quickly the 
materials that had the least cliance of provlr.3 satisfactory for 
rings Intended to operate at high power outputs. In the determina- 
tion of tile effect of prolonged heatir.g at elevated temperatures, 
rings were compressed to their nominal diameter by installing them 
in a section of a cylinder of V..o proper size. This assembly \ a 
then placed in a heat-treating oven that had boon heated to the 
predetermined tomperaturo. An unconfinod ring was also placed in 
the fuj-naco. At the expiration of the heating period (1 hr in one 
test, 6 to 3 hr in another tost!, the cylinder was removed from 
the oven and the rings Btill confined in the cylinder were allowed 
to cool. The enconfined ring was removed at the same time and al- 
lowed to cool in the uriconfined condition. Diametral tension i:aa 
detorminod bofo -o arJ after each heating period. In those tests 
the same rings were tested over a •a:v:e from room temperatiire to 
1100° F or until the ring collapsed. 

Slngle-Cylinder-Engina Tests 

The followir:g single-cylinder test-ongine setups were usod 
in tha NACA tests: 

\ 
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Cylirilor Ciankcase Bore and 
stroke 
(in.) 

Com- 
pres- 
sion 
ratio 

Valve 
tim- 
ing 

Engine 
apeed. 
(rpffi) 

(lb/so. 
in.) 

Fuel 
csyatem 

IIACA ccmpvea- 
alon ignition; 
diaplacor pls- 
ton design 

NACA 
universal 
tost 
e:.glr» 

5 by 6 12.0 2000 1E0 
to 
240 

r wl 
Injec- 
tion 

Wright C9GC IIACA 
universal 
teat 
engine 

6i by 7 6.7 Stan- 
dard 

2200 22E Carbu- 
retor 

Wright C9GC H.'r'ght 
R-1J20-73 "tM 6.7 Stan- 

dard 
UfiO 
to 
2500 

125 
to 
288 

Carbu- 
retor 

Wright C9GC H-'i'lpht 
H-lt-.f.0-4S 

si Ly sl e       a 
6.7 Stan- 

dard 
2200 23S Carbu- 

retor 

^•Rebalanced for si:i&Lo-cylinder operation. (See fig. 2 for a typi- 
cal BOlnp.) 

Combustion-air flow to the enfiinoa was moas'irod by a sharp- 
edge, thin-plate orifice assembled according to A.S.M.E. standards. 
Power was absorbed and measured by a cradle-typo electric dynamometer 
in all single-cylindor-engine tests. 

All cylinders except that of the compression-ignition engine 
wore air-cooled. The compression-ignition-engino cylinder was 
cooled with writer at atmospheric pressure. Cooling air was sup- 
plied by separately driven blowers and flow v.u3 varied to produce 
tho desired cylinder-head and cylinder-barrel temperatures. BuH 
teaperuturos voro measured by 13 lron-constantan thermocouples 
distributed ovov head and barrel. 

High-power endurunco tosts wore run under speed, lubrication, 
and temperature conditions conducive to ring failure through scuf- 
fing, scoring, and featherinc. 

31cw-ty vao measure'1 b" a ponitlve-dlTplacement gas meter con- 
nected to tho c-'-aukcane-fcrecthor ayB":om (fig. 3). As indicatod in 
the dlagvnmrotic eketoh, blcw-by 1B plp-tl through a largo or.rge tank 
with a floxltle head, which is Installed to donp out proasva-e fluc- 
tuations. 3y uee of this surge tank, tho effect of variable speed 
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on the meter calibration beccnes negligible. As la the case In all 
oil-system installations utilizing a dry siimp and a large-capacity 
oil-scavenge pump, some of the blow-by gases are pumped into the 
oll-storago tank. This condition is taken care of by using a 
sealed storage tank and by returning this blow-by to the crankcasej 
thereby all blow-by will eventually pass through the meter. 

The crankcase pressures was arbitrarily set at 1/8 inch of 
water below atmospheric pressure (to permit leakage corrections 
to be made) and was maintained at thiB value throughout a complete 
run by means of the throttle valve K in figure 3. A leakage- 
calibration curve was taken at variable speods for the crankcace 
pressure set at 1/2 inch of water below atmospheric pressure. In 
this calibration, the engine was motored without compression in 
order that no •• .n would leak by the rings. Leakage losses In all 
tests ware found to be negligible. Calibration of the leakage was 
repeated from time to time as a check on the efficiency of the 
sealing of c:-arJccase and blw^bj' Bestem. 

Ring MM? was measured by cleaning and weighing the rings 
before and after each test. Specific oil consumption was measurod 
in the single-cylinder-engine tests by the volume method corrected 
for temperature. The installation of special fittings and a sepa- 
rate scavenging pump permitted the meas.irement of the power-section 
oil flow for the single-cylinder test engine using the Wright 
B-1C20-73 ci-ankcase. 

Mcas'irement of surface quality was made by measuring surface 
roughness of the nitridod siu-facea of cylinder and rings. Surface 
roiighnoss was measured with a Bru3h suri'a-je analyzer and a Profllo- 
meter; porosity of the chranium-piated surfaces was measured by a 
replica method developed by th? IJACA. In this method, a replica 
of the surface is taion with a plastic such as stripping lacquer or 
celluloid and this replioa is photographed at a magnification of 
100. It has been found by experiment tliat a good correlation is 
obtained between the porosity as measured by the replica method 
and the porosity obtained by the method of photomicrography of the 
sample itself. Percentage porosity is defined as the percentage 
of pits per unit area in a photomicrograph of the surface. The 
pitted area on the photomicrographs was determined by the method 
of counting squares and the percentage porosity, based on the 
nominal surface area, was thus obtained. 

The single-cylinder-engine tests performed by the Bureau of 
Aeronautics at the Naval Aircraft Factory were conducted on a 
Wright C9GC cylinder to determine the effect of dust on ring wear 

i 
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and on oil control. Theao dtist teets were performed at an engine 
speed of 2000 rpa, a brake moan effective pressure of 180 povjida 
per square Inch, a carburetor-air temperature of 100° F, an oil-in 
temperature of 13r° F, and a apeclfic fuel cons-.Tiption of 0.70 
pound per braicc i.orscpover-ho'U'. At these test conditions, a dust 
cycle wee run corsiating in the injection of 2 grams of dust into 
the combustion air o'fer a 10-minuts poriod every half hour for 3 
hours; an oil-conauuption check run was also made without dust for 
4 hours. 

The dust used in l.oao tosts was made fraa a Batumi Arizona 
dVBt, the analysis of which is given in the following table; 

ARU.7SXB OF TEST FJBT 

a?articles in sairple CV.onT.cal Compounds 
in . .-j..;'i i 

(percent) Size   ' Percentage position 
(microns),' 

0-5 39 ±2 Ignition 
5-10 18 ±3 lor a 2.60 
10-20 16 ±3 Fe203 4.58 
20-40 10 A3 Alg03 15.96 
Over 40 j 9 ±3 CaO 2.91 

MgO .77 
! Na20 4.61 

310* 6f3.A7 

a100 percent of test du3t pacses tlirough a 200-mesh 3craen. 

Multicylinder-Engine Tests 

The nultici'linder-enfine tests performed by the Buroau of Aero- 
nautics at t:-,e Kaval Aircraft Factory were oii a Wright H-1820-40 
engine with CSGC cylinders aounted on a tost stand and loaded with 
a propeller. Coclir.g-air flow was varied to obtain the der.irad 
cylinder temperatures. Specific oil consumption was measured by 
the weight mutbod uaing a balanced weighing tank. 

The following teats were performed: 

1. Continuous operation at take-off power, 1200 brake horse- 
power, at an engine speed of 2500 rpn 5; 

I 
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A typo -"-eat; made accord in;; 
AÄ-95081 

to Aray-I.'avy SpecifI cation 

TJust teats at an engine speed of 2000 rpra, a brake mean 
effective pressure of 160 pounds per square inch, a 
t-raka horsepower of 
of 130° F 

'40, and an oil-in temperature 

In the duet teste, the pistcn riiig3 were r"n In after which a 
1-liour endurance run without dust vas mude as an oil-cünsuaption 
check under test conditions of item 3. Dust vaa irjected at the 

rate of IS grams o\-or a 10-minute period every 1/2 hour for IS hours. 
1 This injection vas followed by 4* hours of endurance without dust 

injection. Oil-weight readings were obtained every 15 Minutes. 
Figure 4 shows the du3t-inJection equipment. The dust used was 
identical with tl.at uaed in the single-cylinder-engine dust tests. 

. ' 

Multicyllnder-ongine te^ts made by the A'^ay Air Forces at 
Wright Field v/ero in the foiii of service tests on engines installed 
on an airplane operating from dusty air fields. These testa were 
accelerated by  operation of the engines at trke-off power for 
lor-ser periods of time than usual. Total operating time at ccrcplc- 
tion of the tests was 143 horrs including 197 tako-offs. 

RESULTS AND DIECKSSICW 

Temperat'ire Tests 

' • - "*.• 
11 

The analysis mode of ring materials indicated that caat-iron 
rings did not have the doslred physical characteristics under condi- 
tions of high operating temperatures. This indication is bost shown 
by the results of the temperature teats. 

Results of those tests on a varloty of piston-ring materials 
aro shoi/n in figures 5, 6t  and 7, A study of the curves shows that 
the nitj idid-stool rings ore more satisfactory on the basis of re- 
sistance to otrosa relief than the lings of other materials tested 
at elevated temperatures. Loss of strength was particularly notice- 
able in the high-speed steel vings and resulted in near or complete 
ccllapso at the elevated temperatures. 

The caat-iron rln-;s shovred a sharp break in the tension curve 
above 700° F (tie. -•) for the 10-ainute heating period. Tho 6- to 
3-hour and the 1-hour heating-period tests (figs. C  and 7) showed 
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Vat  the loos in ten&ion, eocpi'esBed as a percentage of the original 
tension, vaa appreciably less with nitrided steel than with cast 
iron. '.1:is dlffei-ence in tension loss would indicate that prolonged 
high.tenperatjre operation would have a greater adverse effect on 
the cast iron than on the nitridod steel. 

Single-Cylinder-Engine Tests 

ConproBBion-lgnltlon-cngino tests. - Booa-ise the nitridcd-steel 
rinc;s showed j>-eateat resinttmco to high temperatures, it was consid- 
ered that these ringo would give tho oest service lr. an  engine of 
high output. The rings as obtained from the manufacturer wore in- 
stalled in a used, nitridod-ßLeol cylinder liner that waa in good 
condition and, without an attempt to run the rings in, the load on 
the engine was slowly incre-iaed. ücossive breather amoke irznodiata- 
ly developed and the rings and tie liner were inspected. It was 
found tliat the edges of the rings had chipped and the small particles 
had scratched the nitrided-otoel cylinder liner, the rinjs, and the 
piston; the snail particles could he seen imbedded in the aluminua 
piston at the end of the scratches. The sharp edges of a set of 
rings were removed tap grinding with a small, hi;^h-speed emery wheel 
and the engine vao set up ogaln after the liner was rei'inished. A 
slightly greater load was obtained before failure, and the parts 
wore again inspected. The scratches resulting from the chipping 
of the rings wero much leso, but a miorcacopic elimination of the 
ring faces indicated numerous points where "spot welding" between 
the ring face and t.-.e cylinder wall had taken place during the test. 

Mew rings wore obtained with a nitrided-stool caae of only 
0.015-inch depth instead of the original case of 0.030-inch depth. 
The sharp edges were removed from a set of the new rings and the 
rings wore placed on a lapping Jig that vas made with rlnc grooves 
of the same dimensions as the piston-ring grooves. A strip of 
steel 0.015 inch thick was lmbeddad in the groove and perpendicular 
to it to make the ends of tho rings butt against the steel and to 
prevent the rings from turrJr.g in tho groove. The rings had pre- 
viously boon fitted to tho bore for the correct end gap. With the 
use of a 320-grit, silicon-carbide valve-grinding compound, the 
rirvjs wero lapped in a duuay cylinder by hand with a spiral motion 
until they showed good contact over the entire face of the ring. 
The grinding compound usod «us charged to a 400-grit, silicon- 
carbide valve-grinding compovjid, and the lapping was continued. 
They wero finish-lapped with SCO-grit aluminum oxide in tho bore 
in which they were to be usod. After the lapping operation, the 
rings were measured and set up in the engine for testing. Again 
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the engine was slowly brought up to operating conditions and. run 
at an indicated mean effective pressure of 150 pounds per square 
inch for 20 hours without a trace of breather smoke. At the end 
of this tc-3t the rings were inspected and measured; no chipping 
and very little wear were evident. 

A new liner was then obtained with a surface finish of less 
than 3 microinches, raw, and a second set of rings of 0.015-inch 
nitrided-steel case was prepared by grinding off all sharp corners. 
The surface finish on the rings was poor, and they were therefore 
lapped with 500-grit aluminum oxide in the cylinder that was to be 
UBed. When the grinding marks had been removed, levigated alumina 
was substituted for aluminum oxide and the rings and the liner were 
lapped to a mirror finish. During the process there was no dimen- 
sional change in either the rings or the liner. 

The engine vas assembled, warmed up under power, and gradually 
brought up to an output of 240-pounds-per-square-inch indicated mean 
effective press are at an engine speed of 2000 rpm and a maximum cyl- 
inder pressure of 1250 pounds per square inch. The warm-up and the 
gradual application of the load required approximately 30 minutes. 
After 25 hours at this output, the rings were Inspected and measured 
vith a micrometer, and only a trace of wear was discernible. 

The camprosslon-ignltion-engine tests indicated the necessity 
for smooth surface finishes on both cylinder barrel and rings for 
the combination of nltrlded-steel rings and nltrided-steel cylin- 
der. Under high-output conditions, the assembly of cylinder and 
rings that had smooth initial surface finishes proved to be the 
most successful with respect to wear and blow-by. The attainment 
of smooth finishes permitted the use of a short run-in time with- 
out adversely affecting engine performance and wear. 

Preliminary spark-ignition-engine tests. - Nitrided-steel 
rings (made to the sumo dimensions as the stock wedge-shaped com- 
pression rings used in the Wright C9GC cylinder) and a nltrided- 
steel barrel wore obtained for the test. These rings had a con- 
siderably better surface finish than the original rings. The cyl- 
inder barrel was a stock production Item with a bore finish of 3 
to 5 microinches, rms. The rings were installed in the engine cyl- 
inder as roeeivod from the manufacturer. The engine was run in 
for 1 hour and then operated 1 hour at a brake mean effective pres- 
sure of 200 pounds per square inch and an ongine speed of 2200 rpm. 
In spite of the improved surface finish of the cylinder, severe 
scuffing was experienced. Scuffing may bo defined as on area 
rupture of metal surfaces. The preparation of the surfaces and 
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tho fitting of new rings to the boro were repeated as previously 
described for the last test of tie ccsspreöalor.-Ignition-engine 
series and, after a run-in period of 1 hour, a test run of 2S houro 
at a brake noan effective pressure of 200 pounds per square Inch 
and an engine speed of £200 rpm «as completed. The surfaces were 
In good condition although there vac excessive wear of the rings. 
Temperature tests on similar rings were made with the results shovn 
In figure 7 under mtralloy 0. 

A second type of nltrided-steel ring made of Kitralloy V and 
shown In figure 8 was obtained for testing. This tjpe will be referred 
to as the "thin" ring. Moat of the early tests using thin rings were 
conducted to determine the necessary piston design for use with thin 
rings. The progressive steps in this part of the research are shown 
In totle I, M-ist toot ntas were of 1-hour duration at a brake moan 
effective pressure of 204 pounds per square inch because this period 
was conoidei-ed sufficiently long to get an idea as to the functioning 
of tho rings and the piston. It will be noted that the run-lr. period 
consists of 1 hour rather than the usual 5 to 10 hours required for 
cast-iron rings. 

After some of the initial problem of piston desigi and ring 
assembly were solved, teat rune for periods of 25 hours and longer 
were made to check further performance. TheBe runs are listed as 
tests 9, 10, ftnd 11 of table I. Figures 9 end 10 are photographs 
of the piston and ring assembly after test 10 and are representative 
of the appearance of piston and rings after all three teate. 

Tho final piston dooign was made from the results of the pre- 
liminary teats. Figure 11 shows a photograph of the pietcn and 
ring equipmament used in the piston investigation. Before acceptance 
and incorporation in the final piston design, the following features, 
based on the tests Just discussed, were considered: 

1. Mszinum length of cross head as l.teited by allowable dinen- 
sions. This feature Is ono of extreme importance inasmuch as length 
of cross head influences ring performance by effect on piston rocking. 

2. Location of rings. Tho ring bolt was located as for from 
tho piston crown as practicable to protect tho top ring from the 
high-temperature combustion gases. 

3. Shape of piston. Piston shape was carefully choson, from 
the results of the preliminary runs, to conform as nearly as pos- 
sible to the cylinder bore at operating temperatures. This shape 
will Insure against possibility of piston seizure because of thermal 
distortion. 

I 
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4. LoMjtlqa of oll-draln holes. Tor maxlaua effect of oil 
control, unreatrlrted pasac^oa must be provided and advantaco talren 
of the inertia effect of tie ell in the matter of ncavonging the 
grooves. 

5. SlnpllcHy of ring assembly. The oholce of the number of 
rin^s MM ^ada to ojtain the least muhe/- of rings that would result 
In efficient operation. Two ccsuprecsion and two oil rings, all 
located above the piston pin, were the final renult. Tho rirsa 
woio of lectorgal ar cries oection because this simple shape vas 
easily cachlnod. 

The final piston design io shown in figure 12 and a new, 
complete piston assembly is shown in figiu-e 13. 

In order to chock the final piston aijd ring design, a 150-hour 
typo teat in accordance with hvai'-Voxy Specif icaticr. AU-9502a was 
performed. This teat was a -iheck on both piston and ring performance 
'aider the wide range of test conditions specified by the type test. 
General engine performance with rsspect to ring and cylinder wear, 
blow-by, and power was excellent. Lubrlcating-oil control (that is, 
spt-cjflo oil consvjnption) waa poor. 3es-jlta are s/.own in table II 
and in figvje 14. Figures 15 and 16 snow the piston and ring as- 
sembly after the type test. 

The oxcollent condition of ring and cylinder nibbing BUrf-ices 
indicated that theso surfaces were compatible with each other. The 
extremely low wear of vines as Indicated from tho low weight los3 
was also an indication that very successful operation with this ring 
aBBembly is possible. As can bo noted in table II, a maximum ring- 
weight loss of approximately 0*8 percent was recorded in this 150- 
hor-r type test. 

Results of test on tho stock cast-iron-ring assembly In a otock 
nitrided-s'^eel o; linden at a brake nean offoctivc pressure of 2S0 
pounds per BT'ore Inch are shewn in table III, test 1, and in figure 
17. TcBt conditions with respect to speed, output, oil temperature, 
and Cj linder tempo.-aturcs were made extremely sovere. It will be 
noted that oil control waB poor frcra the start of the teat, possibly 
indicating that the rings had scuffed and feathered during run-in. 
Wear of tho ringe was also very high. The photographs of the ring 
assembly after toetirg show that tho rings were BCuffad, scored, and 
foa'-.hored. Figure l"7, concluded, also Bhows that tho top ringa hnd 
lost *pprccia".lo tension; this loss was manifested by a I033 in free 
Gap of the rings. 

1 
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TostB Z, 3, and 4 of table HI show results of teats of the 
piston and ring assembly used in ta'ble IX under the tent conditions 
of test 1 in ta'ble III as a cccpnratIve check, at these conditions, 
Of nitrified-steel and cast-iron rings. The run-in period of 1 hour 
was still maintained at this high output. It will be noted that 
woight losses are low, considering the extreme severity of test con- 
ditions. Figures 13 and 19 are included to show the excellent con- 
dition of the piston and rings after these tosts even though two of 
the tests resulted in exh-v a''.-valve failures and much of the loose 
valve-steel particles passed ":•;• the faces of the rings and Imbedded 
themoelves in the piston skirt. 

The last test listed on table III was successful vith regpect 
to wear and general engine-performance characteristics. Oil control, 
however, was still rolativel;7 poor althou,~b the oil consumption vas 
ernsten*,, a condition tha.t  is rather ur.'-Bual in high-output tests of 
tills duration. Sht la*?ge increase In oil consuaption for stock rings 
in heat shown in tost 1 of tablo III. 

Becav.se the previously described tests of the nitridod-atoel 
rings Indicated tliat the oil rings (fi3. 3, lcw-unlt-wall-presauro 
oil rings, 39 lb/aq in.) wore unsatisfactory on the taois of oil 
oonti^ol, tosts wore made with rings of lesser face width, 0.010 
inch, a.4 of diametral tension that V&B  identical with the original 
rings. This decrease in face width with the Baao diametral tension 
resulted in an approximate initial unit wall pressure of 78 pounds 
per square Inch, The tests indicated that t.ieso rings decreased 
oil consumption at least 50 percent. Rings were accordingly pro- 
cured that obtained a high unit wall pressure by an increase of 
diomotral tension and a docrousa in face width. It was preferred 
to obtain the high unit wall pressure in this manner rather than 
by a largo decrease in face width alono, because a ring of large 
face width will have a lower percentage change of face width for an 
equal amoi'nt of wear than a ring of small faco width. 

Final npark-lgnltion-onglno testa. - The final design of nitridod- 
ßtoel oil rings was one that had a free gap of approximately 1-5 inohos 

rather than the free gap of approximately lp: inches In the original 

rings. A decrease In face width from 0.020 to 0.014 inch was also 
made at this time. Tho increase in free-joint opening resulted in 
a change of diametral tension from 6.3 to 9.4 pounds. Corresponding 
vnluoB of Initial unit wall prüBSure aro 39 and 64 pounds per square 
Inch. Oil rings with both low and high initial unit wall pressure 
aro shown in figure 8. 

Table IV shows tho results of two tosts with these oil ririfcs. 
Test 31 from table IV can bo directly compared with tost 19 of 
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table IIT. These two teste f-rnish a direct cceparison of perfom- 
ar.ce vlth oll ringe of high and lov initial unit wall pressure. The 
oil consumption de-j-^&osca from 0.022 pound par brake horsepower-hour 
ir. teat 19 to 0.013 po'md per brate fcoraopcwer-hour in test 31. In 
toth toots tho voar of tho caaprfcaaion rings and the cylinder narrels 
vae considered auall. Oil-rini; wear wae relatively high until tho 
rir.^B :iad seated taosiselTes and apparent 1;- i*nachod a Btable condition 
of rato of wear ani oil control. I'.i teat 30, oil consumption de- 
creased fr?oi 0.020 to 0.008 pound per traits horBepower-hour. This 
decrease wild appa-ently co:Te9pond to the seating period of the 
rings iriaBtiUcii ao tost 31 shoveel a constant oil cons.anption of 0,013 
pour.d per brake liOi-oopovar-hiv.ir during the entire test. Fi-jure 20 
shews the photograph of tiie piston and ring assembly after test 31. 
It will \o noted that the top oil ring vis cold-stvxk and the second 
compi-e3B!.on ring was tight at the gap. No ring sticking was apparent 
in any of the previoua high-output tests. 

In all teBte us^ng oil rings of the high unit vail pronauro, 
the initial wear was high, which resulted in a fairly large in- 
crease in face width. 

After satigfactor;- operation with respect to wear and lubricating- 
Oil consumption haä been achieved in nitrided-ateel cylinders, single- 
cylinder-engine teato of the r.itrid.ed~ote?l ringa in a porous cliromium- 
plated, atralir't-bore cylinder were conducted. The rinro from teat 31 
(table TV*) were installed directly in a. porov.s chromium-plated, 
Btraight-boi-e cylinder barrel and were operated for tliree tests accord- 
ing to the oporating conditions indicated in tests 1, 2, and, 3 of 
table V. 

Results were good with respect to wear and oil control in each 
of these three teats. Inures 21 ar.d 22 show the piston and. ring 
assembly after testa in the crromi'oo-plated barrel. 

In order to investigate tho reaaon for nucceaoful performance of 
the chromium-plated cylinder, pcrooity was meaB.röd after teat 3 
(table V) in two locations. Sono r-oplicas wore taken in ring travel 
ar.d others were taken in the Bectlon of cylinder a-ove ring travel. 
Measurements in tho section of cylinder above ring travel are consid- 
ered representative of tho poroaity before the tootB. PoroBity rai-,50 
above ring travel was 50 to •'!"• percent and in ring travel VIA  30 to 40 
percent. Fig-.u-os 23 and 24 show typical plan-view photomicrographs, at 
100 magnification of the chromium-plattd surface shore and. in rir,g 
travel after the test. Surface roughness of the cylinder before the 
tMtvM approximately 40 to CO nicroinchos, ma. After the teat, 
a\üTfuco roughness measured 25 to 35 microincV.es, me. Theae moas'ire- 
monts of surface roughnMa of porous chromium-plated cylinders do not 
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represent actual surface finish on the cjroatun plateaus because 
the tracer point traveled through the poros or pits as woll as 
over the plateaus. More significance should therefore to) attached 
to the peroomage porosity than to the surface roughness. 

The set of rings used in the tests reported in table 7 had com- 
pleted 155 ho'irs of test operation after test 3, Figure 2;." ahow 
the effect of running time on this particular sot of nitrided-steel 
rings. Tho c;rvt,s of figure 25 indicate that the rings had appar- 
ently reached a constant rate of wear. This conattxt rate of »ear 
is low, as can be ocanp'ited ircn the weight loss during the last three 
teats. Weight loss in test 3 vas less than ono qjarter of 1 percent 
of the initial weight of the rir.g. 

It would appa««1 

satisfactory CCOfclna't 
nitrided-stecl rings 
This miiiwiMj ahould 
of the r-ibbing arrfac 
vith respect to fcoth 
this assembly should 
can be made. 

fi-om the results of these testa that the noat 
ion of rings and cylindors might he that of the 
in the porous ehroi/iiuE-plated cylinder carrola. 
result, after seating tad coeiplute cot^patibility 
:oa has been attained, in a very stable aos&jafcly 
rate of vc&r and oil control. Dust tocts of 
he run, however, before a final reccamendafcicn 

Results of the single-cylinder-en^ine dust teats showed that the 
nitrided-atoel ring assembly in nUrided-steel cylinders resulted in 
acceptable oil control through the fourth duet cycle (fig. 2G). The 
oil cor.eucptlon after the fifth dust cycle vaa approximately that 
obtained by the etoclc cast-iron I'lnsa after the firat dust cycle. 
The test of the cant-5ron-rir.^ assembly waa discontinued after the 
first dust cycle because the slope of the oil-cons.'Jiption curve indi- 
cated that the assembly was Wearing out rather than seating in, and 
cor.sequei tlj no hotter oil control than that after the fir3t drat 
c„ tie (which was unr.ccoptaMo at :;he conditions of this tost) covld 
bo orpected. The wear curves in figure 26 ahow that oil control was 
satlufacto. y as long as the rate of wear of the ringa was constant. 

Como results of other toots of single-cylinder engines rjider 
duot lnjeation have :<eon reported by the V ight Aeronautical Corpor- 
ation, Thoao t03ta showed that the nltrlded-steol rir^;o are such 
cotter on the basis of oil control than the conventional cast-iron, 
tape;--faced ring asjea'oly. Wear iif the nitrided-steel ring3 in 
these toats, hovover, wa3 reported to bo not much leso than wear of 
oas'^-iror. rings, but wear of tho cylinder barrols to3ted with 
nitridod-etocl rings was very slight. 
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Serfage finishes. - Surface flnishoa of 2 to 8 microinclies, rms, 
on the face^o"/ the nitrided-steel rings were Investigated in prelimi- 
nary tests and tho final ros'.ilt vas a ring finished by honinft on the 
face or outside disaster to S to 8 microinches, rns. 

It was found that for nitrided-oteol cylinders a cross-hatch- 
hored finish of 4 to 6 microir.ches, rms, was suitable for i'se with 
the niti'ided-steel ring assemhly after a niaator of tests covering 
a j-ange of surface flnioheo in the cylinder barrel of 1 to 6 micro- 
inches, 3 sin. 

Surface finish on tho sides of the rings and on the piston-ring 
lands was set at 5 aicroinchoB, ras, in the belief that this finish 
(E mlcroin., rms) weld be adequately smooth to prevent ring stick- 
ing. No tostG were tiado wttb th.'s finish as a variable, however, 
becaiise very few of the tents on the nitrided-steel 3-ing assembly 
showed ary signs of ring sticking. 

Multicylindor-Engine Tests 

The multtcylirder-ongire test performed 'by the Bureai: of Aero- 
ne.vt'.cs on a Wright R-1320-40 engine at take-off power and speed of 
the original, thin, nitrided-stoel ring assembly with oil rings of 
low unit wall pressure vas tominatod ho.-av.se of failure of the master- 
rod bearing afI er appioxiaately so hows at take-off power. Eosulta 
of this test were good vith respect to wear in spi^e of a complete 
bearing failvro tliat cover.-od all rubbing S':rfeces with bearing material 
ar.d contaminated the lubricating oil. The oil control in this test, 
however, was .-elatively poor (specific oil cons-imption, 0.030 lb per 
bhp-hr). The trend of oil consumption decreased throughout tho test. 

Additional nwlticyllnder-engino tests wore made by the Navy 
Dopartmont on the nitrLdod-stoel ring assembly with the oil ring 
of high unit wall pressure aftrr the BUM Bingle-cylinder-ongine 
testa had shown this assembly to bo acceptable with re&peot to oil 
control. These s5ngle-cyi;ndor-engino tests have 'heon previously 
described and disu.issod. 

A 150-hour tj.'po teat according to specification AN-9P02b was 
performed by the Wavy Depai-tatont and resulted in good performance with 
regard to wea^ and oil control. Specific oil consumption at normal 
rated power aisd speed (1000 fcp at 2300 rpn) decreasod from approximately 
0.013 to 0,010 poiind per brake horsoporer-hour aftor approximately 
40 houra of th* onduranco run had been rcraplated (f'g. 27). Average 
specific oil consumption at noraal rated power and speed during the 
rest of tho endurance test averaged 0.010 pound per brake horsepower- 
hour. The rings showud no tendency toward sticking. No ring breakage 

N 

I 
x 



1MCEA AEH No. 4D22 17 

s^*-..- 

was enccnierei? even though overspeed divo teata wore run at 5.100 rpm. 
The general operating c'iaracteristlcs were nonnal. Specific oll con- 
aumption at r.o:mal rated power and speed after the overspoed dives was 
0.007 pound per brake horgepowe--fcour. The speciflc-oil-conoumption 
check completed the typo test. The value of 0.007 poond por brake 
hoj-aopower-hour is considered satisfactory even though it is higher 
than la usually obtained with the standard cast-iron ring asseably 
under these conditions. 

The oil flo:' (total and power section) vas accidentally more 
than 45 percent abovo the prescribed naxiawn for moat of the test, 
and tests en this engine a.'.owed that decreasing the total oil flow 
(at nomal ca^oi  power and spc-ed) 22 percent doci'eared tj;e specific 
oil consumption 13 percent. Tho 22-ps:'cent decrease in rate of oil 
flew resulted in a rate of flow 13 percent higher than the recommended 
aaxüjira. It is pcsa'ble -hat normal oil flov world have resulted 
in atill lover spoaific oil consumption. 

Multicjllnjer-ongfno flight teats of nttrided-stecl rings as- 
sembled in both nit.-ided-steel and chraciun-plated cylinders as 
porfemod by ;he Arne-- Air Forces, Materiel Oocnand, resulted in good 
perforsar.ee of the rings In both types of cylinder with respect to 
woa." and oil control. All rings were f>*eu after tlieso tests. '.-.'oar 
was low, considering severity of test conditions and amount of opera- 
tion in dusty atmospheres. The total operating tiao of 143 hours 
rosultod in more eovero operation than this amount of timo noraolly 
represents because a largo number of takc-effa (197) wcro incited. 
Condition of the rubbing surfaces was cor>£>idercd excellent in all 
three englaM tested. The condition of tho pistons, especially the 
skirts, was very good and the acceptable oil control proved that no 
bottom ring is necopaary in this piaton design, 

Roaults of the mMltlcylindor-engine dust teste conducted by 
the Buroa.; of Aeronautics indicatod that the nltrlded-etoel ring 
assemblies wore very successful with respect to oil control (fig. 28). 
Wear and specific oll consucptlon started to becono excessive only 
aftor an appreciable number of dust cycles. The top campreasion 
ring in most of the cylinders wao excessively worn before any great 
effect on oil coneucption was evident, The slope of the oil- 
consumption curve was not very great oven at the end of the aovonth 
duet cycle. 

Figures 29 and 50 show the trond of oil consumption for standard 
piston assemblies of cast-ircn rings. Both curves show that oil con- 
D'jmptlo:; Increased very rap.'dly during tho f<rat two dust cycles and 
'•»ocanio oxcoaaivo aftor tho first cycle. It can be seen that this 
rapid increase la true in both porous chrotnliiB-platod cylinders and 
In nitridod-stool cylinders. 
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When figure 28 is compared with figures 29 and 30, it is appar- 
ent that the nitr'ded-ateel rings should provide acceptable oil con- 
trol for much longer periods of time than tiio cast-iron rings, inae- 
imch as the oii-cora'.aip+ion curve for nitrided-steel rings shows a 
mi:ch more c>vä\iB.l  increase than the curve of the cast-iron rings. 
Although it is true that no quantitative comparisons should be made 
of flguies 28, 29, and 30 because the dust cycles are somewhat dif- 
ferent, it is believed that the indicated trends in the three tests 
can be used on a comparative lasIs. 

CCKCLUDEfG REMOTE 

The nitrided-steel ring assembly under dust conditions is more 
successful on the basis of oil control then the caBt-iron, taper- 
facsd ring assembly because a large part of the oil-control function 
is performed by the oil rings and little oil control is required 
from the compression rings. Wear on the compression rings, conse- 
quently, haB little effect on oil control. 

From the results of the tests reported, further investigation 
of the combination of nitrided-steel rings in porous chromium-plated 
cylinders should be made because this combination offers attractive 
possibilities for use. The use of worn cylinders that have been 
reclaimed by porous chromium plating is attractive from the salvage 
viewpoint, .'i-.d any ring assembly that can be successfully operated 
in these cylinders Bhould be completely engine-tested. Those engine 
tests should include dust tests to check abrasion resistance. 

I 

SUMMAR" OF RESULTS 

si 

Based on the test data of the single-cylinder and multlcylinder 
engines, the fallowing results were obtained: 

1. Performance characteristics of t>.e nitrided-Bteel ring 
assembly of final dosirn were excellent with roapect to wear and 
abrasion resistance. 

2. The-condition of the rubbing surfacos of nitrided-steel 
rlncs and chromium-plated cylinders indicated that these surfaces 
wore compatible vith »ach other. 

3. The nitrided-steel ring assembly of final design resulted 
In average specific oil consumptions of 0.013 and 0.011 pound per 
brake horsopowor-ho.:r at a brake mean effective pressure of 250 
povjidB per square inch and an engine speed of 2500 rpa in the 
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singlo-c^lindej- engine.    Tlie average specific oil consucption in the 
Wright IUU20-40 ergire was 0.010 pound per brake Uovaopmrer-liO'-vr at 
normal rated pover and speed  (1000 hp at 2300 rpn).    In all cases, 
the trend of oil consumption was constant or decreasing. 

4.    Under duat-tost coiiditiens, acceptable oil control can be 
obtained three to four tinier longer vith the nitrided-Bteel ring 
assembly than with the stock cast-iron rin-s. 

low. 
Besultant wear of the cylinder barrels was exceptionally 

o. Excellent resistance to ring breakage, at tha Gevcre 
cverapeed-diva condition of 3100 rpa, or. a Wright B-1820-40 engine, 
was exhibited by the nitrided-ateel ring aaseably. 

7. TEC use of a shorter run-in time (1 hr) was found to bo 
possible with the nitrided.-3teol ring assembly. 

CONCLUSION 

3asod on the tost data cf the sirgle-cylinder and riulticylinder 
engines, the following conclvjäion nay be drawn: 

The nitriiod-steol ring aasesibl;' ir. either nitj-ided-steel or 
porovs clu-amlum-plated cylinders shojld be very desirable for use 
in high-output aircraft enginoB. 

I 

Aircraft Engine Bosearch Laboratory, 
National Advisory Comaitteo for Aeronautics, 

Cleveland, Ohio. 

PJiTTEi'lTC«; 
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1.    Englisch, C:    Keasgox-at zur lie Stimmung des r-adialsn 
Arspro3odruckos von Kolbenringen.    Auto,  teoh, Koitsshr., 
Jalirc.  43, Nr.  2, Jan.  25.  1940, pp. 42-44.     (Tech. Trans. 
No. 129, H. A. Castlenion.) 
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E Insulation 
F Piston rings 
G Section of 5-lnch cylinder 
H Aluminum 
I Gas burner 

Figure   I.   - Piston-ring  heater. 
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Figure 5.- Effect of piston-ring temperature on diametral tension. 
(Ringe held 10 min at each temperature.) 
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Figure 6.- Effect of plston-rlng temperature on diametral tension. 
(Rings bold 6 to B hr at each temperature.) 
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Figure 29.- Effect of dust on oil control. Stock cast-iron rings In po- 
rous chromium-plated cylinders. Wright R-1820-22 engine. 

Data from Bureau of Aeronautics. Aircraft Engine laboratory. 
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